ABSTRACT While a significant fraction of silicate dust in stellar winds has a crystalline structure, in the interstellar medium nearly all of it is amorphous. One possible explanation for this observation is the amorphization of crystalline silicates by relatively ''low'' energy, heavy-ion cosmic rays. Here we present the results of multiple laboratory experiments showing that single-crystal synthetic forsterite (Mg 2 SiO 4 ) amorphizes when irradiated by 10 MeV Xe ions at large enough fluences. Using modeling, we extrapolate these results to show that 0.1Y5.0 GeV heavy-ion cosmic rays can rapidly ($70 Myr) amorphize crystalline silicate grains ejected by stars into the interstellar medium.
INTRODUCTION
Interstellar dust grains, while comprising only $1% of the mass in the interstellar medium, are important, because they catalyze the formation of many gas-phase molecules, in particular, H 2 (Hollenbach & Salpeter 1971) , which allow the cooling and collapse of molecular clouds and the formation of stars and planets. High-energy radiation and particles from hot stars, supernovae, or active black holes can alter the physical properties of dust grains and thereby affect their role in these processes. Understanding the composition, characteristics, origin, and evolution of interstellar medium (ISM) dust is thus a key question in astrophysics (Draine 2003) .
Most of the dust is formed by condensation in the atmospheres of old stars, which eject a significant fraction of their material back into the ISM. Silicates, such as those producing terrestrial planets, are injected from oxygen-rich asymptotic giant branch (AGB) stars, red supergiants, and supernovae (Tielens 2005) . The fraction of crystalline silicates observed in stellar winds covers a large range (0.05Y0.75; Sylvester et al. 1999; Molster et al. 1999) . The resulting fraction of crystalline silicates injected into the ISM by red giant and supergiant stars is then estimated to be 0.15 (Kemper et al. 2004; Waters 2004) . Specifically, the infrared spectra of the red giants and supergiants reveal the spectroscopic signature of the Mg-rich end-members of the olivine and pyroxene families, forsterite (Mg 2 SiO 4 ) and enstatite (MgSiO 3 ). In contrast, the interstellar 9.7 m silicate feature reveals no evidence for crystalline silicates, and hence, after entering the ISM, crystalline silicates ejected by stellar sources are rapidly amorphized by some mechanism. The upper limit for the crystalline fraction of silicates in the ISM is $1% (Kemper et al. 2004) .
Previous laboratory studies have focused on simulating amorphization of complex silicates by low-velocity shocks, using irradiation with low-energy (keV) ions. Amorphization has been shown in several experiments using 4Y50 keV ions at fluences of 10 15 Y10 17 ions cm À2 (Demyk et al. 2001; Jaeger et al. 2003; Brucato et al. 2004 ). However, this processing is inefficient, because in a 200 km s À1 shock (0.2 keV amu À1 ), the range of the ions is much smaller than the size of most interstellar grains. Ions of much higher energy, which can penetrate even the largest interstellar grains, pervade the ISM in the form of cosmic rays (CRs; >1 MeV nucleon
À1
). However, until now, processing of dust by such swift ions has been dismissed (Day 1977; Brucato et al. 2004; Watson & Salpeter 1972) , because it is believed that the accumulated energy deposition by CRs cannot reach the values needed for amorphization (Jaeger et al. 2003; Brucato et al. 2004; Demyk et al. 2004) . In this respect, most of the CR flux consists of H and He ions, but MeV He shows no evidence for amorphization of silicates, even for very high ion fluences (Day 1977) . However, it is well known that the fluence/energy deposition required for amorphization with keV ions, where elastic atomic interactions dominate, cannot simply be extrapolated to CR energies, where electronic excitations dominate energy deposition (Ziegler 2003) . Indeed, while fast light ions such as H and He do not typically form amorphous tracks in silicates, swift heavy ions (such as Fe) do, a phenomenon that has been studied for decades (Fleischer et al. 1975 ) and applied to dating and advanced material modification. Heavy CRs (Fe) are less abundant in the ISM than light CRs ( H, He) by a factor of $10 À4 ( Wiebel-Sooth et al. 1998 and discussion in our x 4). However, at 1 GeV, an Fe ion deposits $10 4 times more energy per unit path length in silicates (Ziegler 2003) than do protons, and lattice defect formation for swift heavy ion is due to electronic energy loss. Therefore, the cumulative damage in interstellar dust by swift heavy ions can rival or even well exceed that by light ions. Here we demonstrate, using both experiments and modeling, that heavy CR ions are the dominant processing agents of dust in the diffuse ISM. This paper is organized as follows. First, in x 2 we describe the experimental setup, the choice of the material used, and the methods used to analyze and quantify the results, which are described in x 3. We discuss our findings in x 4, which begins with a critical analysis of why CR processing of Galactic ISM dust is indeed important (x 4.1). For this we estimate the ISM CR spectrum using a ''leaky box'' model (x 4.1.1), and using phenomenological electronic energy deposition models (x 4.1.2), we demonstrate that our laboratory experiments at 0.08 MeV nucleon
(but with a large electronic energy loss of $4.5 keV nm À1 ) can be confidently extrapolated to the relevant (relatively low) CR energies at 1Y100 MeV nucleon
, where amorphization is most efficient. We then end this section with estimates of the interstellar dust grain amorphization timescale (x 4.1.3) and the expected fraction of interstellar crystalline silicates. In the subsequent sections we compare these results with other possible amorphization processes such as ion bombardment by interstellar shocks (x 4.2), the life cycle of crystalline silicates (x 4.3), and the amorphization of dust grains in the solar system (x 4.4) and stellar debris disks (x 4.5). We then conclude (x 5) that CR processing of ISM dust is indeed important in our own Galaxy, that it may explain the amorphization of crystalline silicates, and that it is likely to be an even more important effect in forming (starburst) galaxies, which have much higher CR fluxes due to 10Y1000 times larger star formation rates and emerging active black holes (Torres et al. 2004 ).
METHOD
To investigate the effects of CRs on crystalline silicates, we irradiated samples of undoped forsterite (Mg 2 SiO 4 ) single crystals with triply ionized, 10 MeV Xe ions. After irradiation with specific fluences, we analyzed these samples using Rutherfordbackscattering /channeling (RBS/C) spectrometry, infrared (IR) reflection spectroscopy, and transmission electron microscopy ( TEM) of electron transparent cross sections of the irradiated forsterites. In this section, we briefly discuss the experimental techniques.
Ion Irradiation and RBS/C Spectrometry
The Lawrence Livermore National Laboratory (LLNL) 4 MV ion accelerator was used for ion bombardment and for RBS/C analysis in single alignment conditions. Samples of laboratorygrown undoped forsterite (Mg 2 SiO 4 ) (100) single crystals, 10 ; 10 ; 3 mm 3 in size, were bombarded at room temperature with 10 MeV 132 Xe 3+ ions using a flux of (1Y2) ; 10 10 ions cm À2 s À1 to a fluence range of 5 ; 10 11 to 6 ; 10 13 ions cm
À2
. Ion incidence was at an angle of $7 relative to the surface normal, to minimize channeling. At this energy, 86% of the total stopping power (energy loss per unit path length) is electronic (4.5 keV nm À1 , decreasing with penetration depth as the ion slows down [Ziegler 2003 ]). Furthermore, in this case the xenon ions have a projected range of $2.4 m in forsterite (Ziegler et al. 2003) and, hence, can only alter a near-surface layer with thickness close to the projected ion range.
RBS/C (Chu et al. 1978 ) is a well-established quantitative technique for the analysis of the elemental composition and crystallinity of the surface and the outer few microns of solids. Typically, in RBS/C, a beam of 0.1Y3.0 MeV He ions is directed at the sample. The flux and energy distribution of the elastically backscattered particles, measured under a given angle, gives information on the structure of the sample. We characterized all our samples after irradiation by RBS/C with 2 MeV 4 He + ions incident along the (100) direction and backscattered at 164 . Damage buildup curves were analyzed with the defect overlap model of cylindrical tracks (Gibbons 1972) , in which, in the simplest case of so-called zero overlap, the relative concentration of defects is 1 À exp ÀR
, where D is ion fluence and R track is the effective radius of an amorphous track that each impinging ion creates along its path in the crystal. Note that the ''bulk'' samples used here should require roughly the same amorphization fluence as submicron grains (Bringa & Johnson 2004) . However, grains smaller than 10 nm might not only amorphize but might also be destroyed completely by a single CR impact ( 
Transmission Electron Microscopy: Sample Preparation and Measurements
After ion irradiation, $100 nm thick forsterite sections were prepared using a FEI 237 DualBeam TM focused ion beam (FIB)/ field emission scanning electron microscope (FESEM) and FEI Nova 600 DualBeam TM FIB/FESEM instruments (Graham et al. 2004 ). The extracted cross sections were attached to the edge of Cu grids using Pt deposition gas in the FIB. The electron transparent FIB sections were examined using a 300 keV Philips CM300 field emission transmission electron microscope (TEM) equipped with an Oxford Instruments solid-state energy-dispersive X-ray (EDX) spectrometer, EmiSPEC spectral processing software, and Digital Micrograph (ver. 3.3.1) imaging software. Brightfield and dark-field imaging, electron diffraction, and EDX spectroscopy were used to investigate compositions and mineralogy of the extracted sections. All images were recorded using a slowscan charge-coupledYdevice (CCD) camera (2048 ; 2048 pixels).
Infrared Spectroscopy
Laboratory infrared spectroscopy can not only examine the structure of a material, but more importantly, it also allows for comparison with astronomical observations. While the infrared spectra of crystalline materials are typically dominated by a few well-defined narrow bands, amorphous materials are characterized by broad and structureless bands (Dorschner 1999; Jaeger et al. 1998) . In the present study, we examined the ion-irradiated samples using IR reflection spectroscopy. The infrared measurements were made using an attenuated total infrared reflectance (ATR) in a Thermo-Nicolet 670 Nexus Spectrometer operating at 4 cm À1 resolution. The beam path and sample compartment were purged continuously with dry air. The ATR used a ZnSe substrate and an angle of incidence of 45
. The reflectance was normalized to the total reflectance of the ZnSe prism without a sample. The sampling depth was less than $2 m. Note that since the index of refraction of crystalline forsterite in the 10Y12 m region is even higher than that of ZnSe, the spectra appear different from what would be expected in a transmission experiment. ATR measurements of the samples taken 1 month after irradiation and repeated $5Y 6 months after irradiation produced the same ATR spectra within errors.
RESULTS
Astronomical IR data demonstrate unambiguously that crystalline silicates are the magnesium-rich end-members olivine (forsterite; Mg 2 SiO 4 ) and pyroxene (enstatite; MgSiO 3 ) (Sylvester et al. 1999; Molster et al. 2002a Molster et al. , 2002b Molster et al. , 2002c Waters 2004 ). This study is focused on the irradiation effects in forsterite; we expect that enstatite with a similar composition will behave similarly. The RBS/C spectra of irradiated forsterite samples show a progressive increase in the RBS/C yield with increasing fluence (Figure 1a ), which is due to amorphization, revealed by TEM and infrared absorption spectroscopy data discussed below. If we assume that each ion forms a cylindrical track of amorphous material along its path, full amorphization of the near-surface layer is reached as the fluence increases, and the tracks overlap. Using the model described in x 2.1 (Gibbons 1972) , we derive an effective track radius of (2:8 AE 0:6) nm (Fig. 1b) .
TEM studies revealed that the sample was amorphized up to a depth nearly half the projected ion range (2400 nm; Ziegler 2003) at a fluence of 3 ; 10 13 ion À1 cm
À2
, as shown in Figures 2aY2b. TEM results are similar to previous reports for ion-induced amorphization of SiO 2 in the electronic collision regime (Meftah et al. 1994) and of enstatite at the border of electronic and elastic collision regimes (Jaeger et al. 2003) . Chemical analysis of the amorphous region by EDX spectroscopy and X-ray photoelectron spectroscopy did not indicate any change in composition.
ATR spectra for different ion fluences are shown in Figure 3a . The transition from crystalline forsterite, characterized by narrow spectral features, to an amorphous silicate structure, evidenced by a broad structureless absorption band (Jaeger et al. 2003; Brucato et al. 2004; Demyk et al. 2004 ), occurs at the same fluences as indicated by the RBS/C analysis in Figure 1. 
DISCUSSION

Amorphization by CRs in the ISM
The rate at which crystalline silicates are amorphized in the ISM can be determined by convolving the energy-dependent flux of CRs with the ''damage'' level produced by ions of a given energy. We discuss this in more detail below.
The Interstellar CR Spectrum
To estimate the CR flux experienced by interstellar grains, we note that it is not sufficient to consider the high-energy CR flux (>1 GeV nucleon À1 ) measured on Earth, since the lower energy CRs, which should dominate amorphization in the ISM, are inhibited from entering the solar system by the magnetic field in the solar wind. The CR spectrum can be described using a leakybox model for the propagation and escape of Galactic CRs (Ip & Axford 1985) . The flux, È(E ), as a function of total energy per particle, E, is then given by
where C is a constant that, as we show below, can be determined by a fit to the high-energy CR flux measured on Earth and the scaling factor E 0 sets the level of low-energy CRs (Webber & Yushak 1983) . Because molecular abundances in interstellar clouds depend ultimately on the CR ionization rate, molecular observations provide a direct handle on the low-energy CR flux (Guellin et al. 1977; Wootten et al. 1979; McCall et al. 2003) . While earlier studies report CR ionization rates of 2 ; 10 À17 s À1 for molecular clouds, recent observations of H þ 3 and other species have converged on a CR ionization rate of 2 ; 10 À16 s À1 in the diffuse ISM (Tielens 2005) .
Using equation (1), the primary CR ionization rate can be calculated using the differential ionization cross section (Opal (Rudd et al. 1985) . The primary CR ionization rate as a function of the scaling factor E 0 describing the low-energy CR ionization flux is then
Hence, the molecular observations imply E 0 $120 MeV for H. The value C ¼ 1:45 (cm 2 s sr GeV À1:7 ) À1 , was obtained by matching equation (1) to experimental data at high energies (e.g., E ¼ 1 TeV particle À1 ; Wiebel-Sooth et al. 1998) , where modulation by the solar wind has no influence. The highenergy data for protons were taken as È(cm 2 s sr GeV Wiebel-Sooth et al. 1998 ). This gives a Fe flux that is $5:6 ; 10 À4 smaller than the H flux. Using earlier experimental data, Leger et al. (1985) assumed a factor of $1:6 ; 10 À4 between the H and Fe fluxes, which would give a slightly lower total Fe flux. Figure 4 shows the resulting H and Fe flux.
Amorphization by Ions at Interstellar CR Energies
While the ion energies in our experiments (0.08 MeV nucleon À1 ) are in the electronic energy regime, they are lower than relevant CR energies (1Y100 MeV nucleon
À1
). However, based on models for ion damage in solids, validated by experiments on high-energy irradiation of quartz, we can extrapolate our results to the ISM. We have fit the experimental results for several ions bombarding quartz (Meftah et al. 1994 ) to two analytical phenomenological models (Szenes 1997; Tombrello 1994 ) for track size versus stopping power.
At keV energies, the energy deposition is dominated by elastic atom-atom collisions. At MeV energies and above, corresponding to CRs, energy deposition is mostly due to electronic excitations. Specifically, heavy CRs create nanometer-sized tracks of dense electronic excitations that can be ( partly) converted into atomic motion ( Bringa & Johnson 2004; Berthelot et al. 2000; Toulemonde et al. 2002; Szenes 1997; Tombrello 1994; Meftah et al. 1994 ) and can lead to amorphization in a cylinder of the material forming the track. For ion energies typical for CRs, the cross section to create electronic excitations increases with increasing ion mass (Ziegler 2003) .
To extrapolate the track size measured for 10 MeV Xe atoms to astrophysically relevant ions and energies, we have used both the ''thermal-spike'' model proposed by Szenes (1997) and the bond-breaking model by Tombrello (1994) . We calculated dE/dx versus E for both Xe and Fe using the SRIM2003 code (Ziegler 2003) for a forsterite density of 3.2 g cm
À3
. Therefore, (dE/dx) and R track (dE/dx) are both known as functions of projectile energy. As shown in Figure 5 , these models, although formulated differently, predict roughly the same size for the amorphous track. The semianalytic model by Toulemonde et al. (2002) also gives similar results. All these models are expected to give poor results at low dE/dx, close to the threshold for track formation, but still agree within a factor of 2 with the experimental data in this dE/dx range. Given that the track size in pure SiO 2 scales fairly well with (dE/dx) elec alone (as shown in Fig. 5 ), we expect roughly the same amorphous track radius for the same dE/dx for any ion, including Fe ions. We note that the data in Figure 5 are for a variety of ions in the range $0.01Y3.6 GeV and that its dispersion might be partly due to the ''velocity effect'' (Meftah et al. 1994) , i.e., two different ions with the same dE/dx (but different velocity) produce somewhat different track sizes. Even taking into account this dispersion, one can notice the reasonably good agreement between the different models and experiments, including our results on forsterite, despite the much higher chemical complexity compared to SiO 2 . This agreement supports our extrapolation of the track radius to the higher CR energies in the ISM.
The Interstellar Amorphization Timescale
For a given ion energy E, there is a flux 4È(E ) on each grain. Each ion creates an amorphous track of area R 2 track , which depends on the incident energy through dE/dx(E ). The amorphization time, Át amorph , of a grain can be estimated as
It is possible to integrate over multiple CR species, besides Fe, with dE/dx high enough to produce amorphous tracks, but the flux of these other species is negligible and would not significantly change the amorphization time calculated for Fe alone. For submicron grains, even the less energetic CR (at E min ) will produce an amorphous track across the whole grain. In this limit, Át amorph is independent of the grain area. Equation (2) neglects any track overlap, but including it based on a model (Gibbons 1972 ; see also our Fig. 1b) further increases the amorphization time by up to a factor of $4. This is the number we report below. Note that the minimum kinetic energy for a CR escaping from a supernova remnant shock, E min , can be fixed by requiring that it be at least larger than 2mv 2 shock , where m is the mass of the particle and v shock is the shock velocity (Bell 1978 ], we use E max ¼ 5 GeV. Using the flux described above for E min ¼ 0:03, 0.1, and 1 GeV gives Át amorph $ 65, 68.5, and 180 Myr, respectively. These times correspond respectively to $233, 230, and 180 Fe CR impacts every million years on a grain of 0.1 m radius.
The Fraction of Interstellar Crystalline Silicates
Based on our experiments, we have calculated an exposure time of nearly 70 Myr to completely amorphize crystalline silicates in the ISM. To evaluate quantitatively the crystalline silicate fraction in the ISM, we develop a simple model following McKee (1989) and Kemper et al. (2004) . Amorphous and crystalline silicate grains are injected into the ISM by stars in the later stages of their evolution and destroyed by sputtering in strong shock waves driven by supernova explosions. In addition, dust is lost when new stars are formed. The last process to consider is the amorphization of crystalline grains by CRs. In steady state, the crystalline-toamorphous mass fraction, , is then given by
under the assumption that sputtering destroys crystalline and amorphous silicates at the same rate. Here, k SF is the star formation rate (2 ; 10 À10 yr
À1
, corresponding to 1 M yr
; McKee 1989), k d is the dust destruction rate (2:5 ; 10 À9 yr À1 , corresponding to silicate lifetime of 4 ; 10 8 yr; Jones et al. 1996) , k CR is the amorphization rate (1:4 ; 10 À8 yr
, corresponding to 7 ; 10 7 yr; this work), and 0 is the fraction of silicates injected into the ISM in crystalline form. With these values, this equation simplifies to
Estimates for 0 vary from $0.15 if AGB stars dominate the dust budget to $0.05 if supernovae are important sources of amorphous silicates (Kemper et al. 2004 ). The estimated fraction of crystalline silicates ranges then from 0.008 to 0.027, which should be compared to the observed fraction of less than $0.01 (Kemper et al. 2004 ).
Amorphization by Ion Bombardment in Interstellar Shocks
As mentioned in the introduction, several studies have shown silicate amorphization by H and He ions at 4Y50 keVat fluences representative of fast shocks in the diffuse ISM. However, the volume of a grain affected by keV ion irradiation is to first order set by the range of the ion. To fully amorphize a grain of 0.1 m radius, H (He) ions require an energy of 10 (15) keV (Ziegler 2003), corresponding to a $1400 (850) km s À1 shock. In a twophase ISM, a single supernova remnant irradiates dust in the equivalent of $60 M of interstellar gas with shocks of velocities exceeding 1000 km s À1 (McKee 1989) . With a total ISM gas mass of 4:5 ; 10 9 M and an effective supernova rate of 8 ; 10 À3 yr À1 , the timescale to amorphize is 10 10 yr (McKee 1989). Therefore, high-velocity shocks would not amorphize dust grains efficiently.
The Life Cycle of Crystalline Silicates
The life cycle of interstellar dust starts with the nucleation and growth of high-temperature condensates such as silicates at high densities and temperatures in the ejecta from stars, such as AGB stars and supergiants. This ejecta is rapidly mixed with other gas and dust in the ISM. A dust grain cycles many times between the intercloud and cloud phases until it is either destroyed by fast supernova shocks or incorporated into newly formed stars or planetary systems. Observations with the Infrared Space Observatory have revealed that crystalline silicates are abundant in the initial stages of this life cycle, the ejecta from stars, as well as in last stages, circumstellar disks around Herbig AeBe stars and T Tauri stars, but are absent in the intermediate stages (Sylvester et al. 1999; Kemper et al. 2004; Malfait et al. 1998; . As our experimental and modeling results demonstrate, crystalline silicates injected into the ISM can be rapidly amorphized by Galactic CRs on a timescale that is short compared to other relevant timescales (x 4.1.3). The high abundance of crystalline silicates in circumstellar disks surrounding young stars must then reflect subsequent processing of grains in these environments. Recent mid-infrared spectroscopic interferometry on AU scale sizes has revealed the presence of a strong gradient in the crystallinity of silicates in the circumstellar disks of the three objects investigated (van Boekel et al. 2004 ). This likely reflects the rapid annealing in the hot inner regions of these disks coupled with turbulent diffusion outward of the crystalline grains.
Parenthetically, we mention here that presolar SiC grains recovered from meteorites at the parts per million level are generally crystalline. These grains are formed in the ejecta of AGB stars and other stellar dust sources and after a long and harsh sojourn in the ISM became part of the solar nebula and eventually the parent body of meteorites. While our experiments do not directly pertain to SiC, this material should also amorphize by high-energy ion bombardment. These grains are larger than 10 m and are therefore larger than typical interstellar grains, and it is unknown whether they were incorporated into meteorites as individual SiC grains or as components of even larger multimineral grains. The extent to which they have been modified after accretion into the meteorite parent body is also unknown, but recrystallization by thermal annealing in the solar nebula is possible.
Amorphization of Grains in the Solar System
Crystalline silicates are an abundant component of dust from comets. Likewise, interplanetary dust particles (IDPs) collected in the stratosphere contain silicates (Bradley et al. 1992; Bradley 2004) . It is thus of interest to consider the amorphization of crystalline silicates in the solar system. IDPs are part of the zodiacal dust, a tenuous disk of small (1Y200 m) dust particles orbiting within 5 AU of the Sun. The lifetime of these particles due to the Poynting-Robertson drag has been calculated to be $10 5 yr (Fixsen & Dwek 2002) . Direct estimates of IDP residence times in the solar system have been obtained from observations of implanted solar flare tracks densities and measurements of Galactic and solar CR-generated radionuclides (Bradley et al. 1984; Nishiizumi et al. 1991) . These lifetimes are shorter than the timescale against complete amorphization of micronsized silicates by Galactic CRs derived in x 4.1.3, even more so if we consider that low-energy CRs are excluded from the solar system by the solar wind.
Amorphization of Grains in Debris Disks
More than 15% of all main-sequence stars have a debris (or dusty) disk (Habing et al. 1999; Lagrange et al. 2000) . A-type stars do not have stellar winds, and hence, the interstellar CRinduced crystallization lifetime calculated in x 4.1.3 can be compared to the dust lifetime in these systems. We estimate the lifetime against the Poynting-Robertson drag as $10 5 yr for an A-type star with M Ã ¼ 3 M . These grains will thus not be amorphized by Galactic CRs over their lifetime. Grains dynamically trapped in a resonance with an orbiting planet (Kalas et al. 2005) can be much older and amorphized on a timescale of $70 Myr by Galactic CRs, which could be revealed by infrared spectroscopy of this dust. However, if the lifetime of the system is limited, e.g., Pictoris, which is estimated to have an age of only 12 Myr, amorphization will not have proceeded very far yet, even for dynamically trapped grains.
CONCLUSION
Our experimental irradiation studies show that crystalline silicates are readily amorphized by swift heavy ions, in agreement with previous studies on SiO 2 ( Meftah et al. 1994) . Using theoretical models, we extrapolated these experimental results to astrophysically relevant energies to show that cosmic rays with energies between 0.1 and 5 GeV will amorphize crystalline silicate grains in the ISM on a timescale of 70 Myr. This timescale is much shorter than that between the injection of silicate materials into the ISM by old stars and their incorporation into new stars and planetary systems ($2500 Myr; Savage & Sembach 1996) , and the destruction of silicates in the ISM (400 Myr; Jones et al. 1996) . We estimate that, in steady state, less than 0.3% of the crystalline grains injected into the ISM survive amorphization. This is qualitatively consistent with the observed interstellar abundance of crystalline silicates (Kemper et al. 2004) as well as the abundance of (isotopically anomalous) presolar crystalline silicates in meteorites and IDPs (Messenger et al. 2003; Floss et al. 2006) .
The IR spectra of irradiated silicates lose the narrow features characteristic of crystalline materials and develop a broad featureless band in the 10Y12 m region. This spectral change due to amorphization parallels the emission spectral differences between silicates ejected by old stars and silicate grains observed in the ISM. Thus, CR irradiation of interstellar silicates affects the opacity of the ISM.
In addition, we have examined the irradiation of silicates in the solar system and in debris disks. For the solar system, CR irradiation of zodiacal dust will have little effect, since the PoyntingRobertson drag severely limits the grains' lifetime in the inner solar system. Amorphization of debris disks around A-type stars by CRs is also similarly limited by the Poynting-Robertson drag, unless the dust is trapped in long-lived resonances with planetary companions. Infrared spectroscopic studies of such systems may provide information on the lifetime of these grains.
We note that other consequences of CR irradiation are the destruction of small grains (Bringa & Johnson 2004 ) and the synthesis and ejection of complex molecules formed on the grain surface. CRs will also restructure the grain surfaces, which may affect the formation efficiency of H 2 as suggested by Monte Carlo simulations revealing that the temperature range for highefficiency H 2 formation is larger for heterogeneous than for crystalline surfaces (Cuppen & Herbst 2005 ). Since we find that the amorphization timescale is so short, nearly all dust grains in the ISM will have been processed, and the H 2 and subsequent star formation will be maximized (i.e., positive feedback).
Energetic ion impacts may have been particularly important in the early universe during the formation and co-evolution of galaxies and their central galactic black holes (Di Matteo et al. 2005; Silk & Rees 1998) . Those environments are characterized by both rapid injection of freshly synthesized (crystalline) silicates by short-lived massive stars as well as high supernova rates (e.g., high CR fluxes) and jets of energetic particles from the central black hole. The crystalline-to-amorphous silicate fraction in these environments is then a balance between the injection and the amorphization process, and based on our experimental and theoretical studies, observations could then be used to deduce the flux of energetic particles in these environments, which is hard to determine otherwise.
Recently, the spectroscopic signature of crystalline silicate was recognized in the spectra of a sample of deeply embedded ultraluminous infrared galaxies (ULIRGs; Spoon et al. 2006 ). This class of ULIRGs likely reflects a brief, early phase in the evolution of ULIRGs in which star formation and active galactic nucleus (AGN) activity had not yet had time to process and disperse the nuclear gas and dust. The presence of copious amounts of crystalline silicates in these starburst environments suggests that the dust has been injected very recently (<70 Myr), presumably by massive stars formed in the star burst and, therefore, has not yet been amorphized by CR ions. This is consistent with ULIRG starburst age estimates of 10Y100 Myr (Genzel et al. 1998 ).
